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formalization OCaml fXrS

type typ =
Type >3 A, Bu=c|A— B | Base of base_typ
| Fun of typ * typ

type term =
| Var of string
| Lam of string * term
| App of term * term

Term> t,u ==z | Azt |t u

1 {4 NBE

KERp Iz, BATROL—[TESE empty context, HWHLERE LN XRIVIE
Mo FOAN THRBIES KU, MRBTHNAREX. RAENBEHZR, B17
M, B2, AN, FIMUFEER B HZEREI TR TRAE,
e X, MFATE W —EREL Aot B, WFTFER N T ¢ TR, Xk
JOVFE B RR, S N BRAE /LR, B2 normalization, Normalization
EEieH WA A -

o Normalization 1] PAF SR partial evaluation, X—PFRIAXFI T Mz (FH
S F, % partial evaluation FJABLEE#T AL NBE, FHI¥EHFRN Type
Directed Partial Evaluation (TDPE))

o X FF dependent type MBS PR EEFEFE normalization, HTH
BIA] DRSS TE, KRB EEER R EE, Blan, BATHE vec 2 F Vec
1+ 1) ZBRE—NRE, XN, ATKREMDREZEHESE, MFEE
normalize ‘EAl]

T SEEE normalization, Hx#&SITTIER Capture Avoiding Substitution. HHL
AW SHIZU (A\z.t)u B redex, BN tir — o], BEUSHINRIE
NARERALRE 1L, AW, XAMEIRETE, BATMES —FE &KL, T
Ah,  REMRE— LRI rewrite 7E3EIS_EAMHEE R AN RIR 77,

FEBA H RN, BATATREMEM substitution, REHFITERIHJ reduction,
HUAES e A figRe s -

type value =
| VLam of env * string * term

and env = (string * value) list

let rec eval_closed env term =
match term with
| Var var -> List.assoc var env



| Lam(var, body) -> VLam(env, var, body)
| App(f, a) -> apply_value (eval_closed env f)
(eval_closed env a)

and apply_value vf va =
match vf with
| VLam(env, var, body) ->
eval_closed ((var, va) :: env) body

2., BATRES F FEAERY B EER S H— DU normalization FIXIE? HHEIX
FEBSIREI, B2 Normalization by Evaluation (NBE), 1E NBE Hi:

o BATE—DPERNMENER value, H value ZEREALEEH S RN HE

o BATE—1KIEKE eval : env -> term -> value, Ejﬁﬂi’,, eval %
REACTE H A&

o BATEFEE—NEMIEE, BREE—1 value HE#L[]—PNRIARX tern,
M HEHRISFEE term —EE—D normal form (FREARSEILTE)

1% PRI 4E NBE HIBRIERE,

2 I 4+ closure

IEBRATE MR BRI 4G AEERA I BT eval_closed —HEfHH
closure RFREEUE,

2.1 A X value

BATHEIGAIEE — D RER . i B L &R value? XA HHZEN
BT, X calculus HHAERE R U0 Aot BIREL, 28T, WWREHMHEE
&2, WABEHZEN], fl . vy, FETRERESLE, TR, BN YE
EH, BRILZAN, WA B HZENH—L28, fli 2 (\y.t), ABLEE]
MFRIEKFEETCIE ., MY EEE,

B2, AN THAEE v,w, v w BE—ME: WR o BUW Aet, B2
v w BA] DRSHERER, AL o B “PIEFE” B, H—EHHLE “F
7 BERINEE, v w AR—ME, FTB, BMEH, £ NBE HHMME, —
MUEEIER, TCHBHZERNMAERE, —A2e 8 B R - RERRIIE, &K
THEEHERN Y (neutral) HIME. BITE, NBE HHJ value RJRANIE X:



formalization OCaml XHS

type value =
Value > v,w == (p, Az.t) | n | VLam of env * string * term
| VNeutral of neutral

and neutral =
Neutral > m,nu =z |n v | NVar of string
| NApp of neutral * value

p € Env = Var — Value and env = (string * value) list

£ formalization 4ﬂﬁiﬁéiﬂﬂl, EREIREE XK — T INZEEFMED partial
function, FATH p,z — v TR p H 2 FEAIBVRIGHL v BEIRIHSRIEINE,

2.2 W sRAE

EXH value Ziﬁi, TN 1% % AN SEISRE K4 eval : env -> term —->
value o, HHORMEMRIEA ¢t PHBAMZE « I, HTRIMNCEEREEH
T o MAZERNEEG LT, FATA] DAESRIEAE A o BUNEIE . FTRA,
FATTAT AR eval_closed HRFE, RIZBORIERIFREXAHIFTE B &R
KA HE L, Xa—K, KEEHBHITEAMELEL eval_closed #l7E 2T H
BHEKT:

let rec eval env term =
match term with

| Var var -> List.assoc var env
| Lam(var, body) -> VLam(env, var, body)
| App(f, a) -> apply_value (eval env f) (eval env

HTEVEGRAE T2MA, BAIFHEENE X apply_value K, L, EHY
S SCIEH B

and apply_value vf va =
match vf with
| VLam(env, var, body) -> eval ((var, va) :: env) body
| VNeutral neutral -> VNeutral (NApp(neutral, va))

R v AR — DS, BAMEFHHITRE, WR v 2EBTERE
IFGRT, B2ICHISEE LR, ERMADREIE formalization HE XK

a)



[z], = p(=)
[Ax.t], = (p, Ax.t)

[t u]]p = [[t]]p ) [[uﬂp

(pAat) -0 = [ piomse

n-v=nwv

2.3 B L Hrnl R

e, BMELEE] 7 — i B HZRIERE X, Dk—PREWEHHAZ
BASRIEEE, T8 — DK normalization BI%E, FATREAIRG—IF
2 B MEF R CRRERMERIR) R,

Y E R AR R R TR E A, RS K
FORKXAIA], FEHHARAXZIPOX N B HZ R R, R EEL &R nor-
mal form, [AIATET, FAIEL (p, Ax.t) NN ELHaNE?

H T BATE AT normalization, P DA RE R S IR [B] Ax.t: L4040 ¢
t normalize T, FRELL ¢ AR DUMLEHIER T, E2EMA ¢ FISKIE, B
REE—1M2S8, MBI eeETERENSE e, HNEXPHEA
MR, ATUBANT A — B HEE § (EASEERMS \at!] XA—K,
AT AU T ¢ BISRAE, MITIATEHEAT normalize, 1M H, KATAHRMLISE
B EEE y, BrRA “RR” T HMmSE, BNIRFEEINmE -
— 2 \y BLREMRE (p, Ax.t) AR HIZRIEA:

let rec readback value =
match value with
| VLam _ ->
let x = fresh_var () in
let x_value = VNeutral(NVar x) in
Lam(x, readback (apply_value value x_value))
| VNeutral ne ->
readback_neutral ne

and readback_neutral ne =
match ne with
| NVar x -> Var x
| NApp(f, a) -> App(readback_neutral f, readback a)

L(p, Az.t) = Ay [t] oy y fresh

le==x

L(nov)=({Un) (o)



XHEETFAMAAERAELNH AR (fresh_var) MAITTHEET, BEHESN
ZRELE AR A R A R AL ER 7 X SEER T R R 2 JE, BRI SRAE R
BAHAGHEER, BEESEI— normalization BiL T :

let rec normalize free_variables term =
let env = List.map (fun x -> x, VNeutral(NVar x)) free_variables in
readback (eval env term)

7 Y YyeT
=y
4 otherwise

norn’t =| ([t]4z)

RS — DM T Ay Az.y) @ RERIEATHFEIH normalization H%:
norn? (Az.(\y.\z.y) )
= | Da-OwAzy) 2]o
= | (&, 2.y Azy) z)
= Az [QyAzy) 2oz
= 2oL (D Az e, - [2laey )
— Azl ((:v s 21, Ay ALY - zl)

=21l [z ylesz yon

= AaAn b Wlyosaos
= )\Z|.>\Z-_).\Lﬁ

= /\2’1.)\22.21

3 HOAS 5 domain

bR NBE SEEIH, AREKEIVERH env * string * term AYMAHEAYIER
FORM), TESSINBRESRING, 9 — M AR, B — 1 ITiE ST value —>
value MYRRECRFIARKEL, IXFMBIEN Higher Order Abstract Syntax (HOAS):

type value =
| VLam of (value -> value)
| VNeutral of neutral

let apply_value vf va =
match vf with



| VLam £ -> f va
| VNeutral n -> VNeutral(NApp(n, va))

TEARSSEEH, EH HOAS RIRRAFI Z B closure HIRRA L -35A X5l H
52, TE formalization FEEA—FET, HITIXHEA value FEHKEIT value
-> value FURRER, A PAFRATARER ST value Al AST MIEUEN T, HBIX
i/ HOAS WEZ V, R4 V 27 :

V[V-oV]|+N
Hep N BHMHENSES, EXh:
N ~Var+ N xV

GXH V #M [V — V] NYEFERL domain 1 domain BIH continuous functions
R R EIE, RN FREAEERNRETRE, i, XTEAHE
R, FAREAN XA AEF domain theory MHRIINBHITINIG) . M TR
fJ domain V, HEEH/E LHAVEN, AEATATHATDUE H =R EL:

T:N—->V
[L] :Termx (Var = V) =V
$:V — Term

RGBT BN E E158]—1 normalization BREL, FHEL closure iitAs, XA
AR NBE 975 Xn] AR domain theory HEIE I, (HS — 77 H A
#J domain theory A B E 2%,

4 el T 2

HEATRE— closure FEAIFRIANY, TS A s —HH, MUEMEIF LR
AR R, TENAERK A FERSE, DR TRIMNR, Sk, J
TED 2R BESREMENIZ — &, (B2, M formalization AYFH RV, £
JEIRASHE DA TR, Ffr A, AT S —Fof o iy B ) A i fi 2R e 75 2K

4.1 WdREEMNERER

BT, EREIRE, FOMRE— 28, XPMSERBHCEEHE
A R ANR, YBATFEARFRZRN, H— DM ERXDMIRFP &R
aJ:

let fresh_var (free_vars : string list) : string = ...
let rec readback free_vars value =

match value with
| VLam _ ->



let x = fresh_var free_vars in

let x_value = VNeutral(NVar x) in

Lam(x, readback (apply_value value x_value))
| VNeutral ne ->

readback_neutral free_vars ne

and readback_neutral free_vars ne =

let normalize free_vars term =
let env = List.map (fun x -> x, VNeutral(NVar x)) free_vars in
readback free_vars (eval env term)

V(o Myt) = A2 157 oy 267
Fy=y
() =0"n) (7 v)

4.2 f#iH de Bruijn index/level

BRI ELAPRAEN R, BEENFT ‘27 K, ®HmfEH de
Bruijn index/level, tHEt/2i, FHANEL “X2HIINEER” WFERERE
BARY, 7E de Bruijn index 1, XNFEEMTNZEFIHZ R, 1E de
Bruijn level H, X752 MIHIAS E3H 2 & 101,

A2, BATNZFEH de Bruijn index /& level 2RI NBE Weg? &HiTHY
73‘727134?%% HATHSE:

o TE term HffiH de Bruijn index, [KAFE de Bruijn index H, closed term
A AR ATATESGR AZHER context HF, IXAHR R EE 77

o T value H{#if de Bruijn level, tt—3K, KIEHMAIREINGE env HE
IFTH AR RN, A TREESORARE T

LR, IR BWE REAE NS Z A T, a2, X—HHR] ﬁio
Ri&—4HF » ME, N EM de Bruijn index & 4, de Bruijn level /& I,
2 i —|— [+1=n, HIlt, REHIE n, BLATLATE index *l] level 2 [A] HAH#
fifEH de Bruijn index/level fY) NBE SZEA4IT:

type term =
| Idx of int
| Lam of term (x NREEESHAT: HHATRRELMBINIE

| App of term * term

type value =
| VLam of env * term
| VNeutral of neutral



and neutral =
| NLvl of int
| NApp of neutral * value

and env = value list

let rec eval env term =
match term with
| Idx idx -> List.nth env idx
| Lam body -> VLam(env, body)
| App(f, a) -> apply_value (eval env f) (eval env a)

and apply_value vf va =
match vf with
| VLam(env, body) -> eval (va :: env) body
| VNeutral neutral -> VNeutral (NApp(neutral, va))

let rec readback n_free_vars value =
match value with
| VLam _ ->
let var = VNeutral(NLvl n_free_vars) in
Lam(readback (n_free_vars + 1) (apply_value value var))
| VNeutral ne ->
readback_neutral n_free_vars ne

and readback_neutral n_free_vars ne =
match ne with
| NLvl 1vl -> Idx(n_free_vars - 1vl - 1)
| NApp(f, a) —>
App(readback_neutral n_free_vars f, readback n_free_vars a)

let normalize n_free_vars term =
let env = List.init n_free_vars
(fun idx -> VNeutral(NLvl(n_free_vars - idx - 1)))
in
readback n_free_vars (eval env term)



Formalization NASHIRGIRAI T :

[is = v
[At]s = (U,%)
[t u]z = [tz - [u]s

(U,t) - v = [tz
n-v=nuv

W@ty =XV [tsn
Wi=n-1-1
Wnv)y=1"n) (1Y v)

5 MAFH

Bk, BATHEMA TREE RN NBE, HIZERASE Simply Typed A
Calculus (STLC), HEAHAMLNT:

Context 5 Au=-|Tz: A

(z:A)el Lz:AkFt:B Ft:A—»B Thru:A
I'Fxz: A I'Xzt:A— B I'tu:B

6 n-equivalence

EIZAHIA) NBE FIEHR TR, B A RIS H L2 AR, the
BEYETCRARALHE, 1§ NBE SRR IS g, (HANTCTRA I — 24K
FRAIES, BIA0 n-equivalence:

At x=t (x ¢ FV(t))

Hrb FV(t) 2 ¢t PRIBEHZRIES, TR NBE 2 UCIEALH 5, 2
Ky n BIRRAZR RS, ASRIES HBR 1 REOE A HABSERY, Flansesy,
M2 Ae1 o M1 BERROZMSE: JTE IR,

FRLA, B TR n-equivalence, FLFHZEM NBE H5| AKE, w5, 7F “f

2772 normal form”™ XA E, BATHLTE A

I'Ft<=A t & T F2EE5H A B9 normal form
I'Ht=A t 52 I AN A 9P, normal form

10



Iz: A-t<B TFit=c

I'FMt=A—> B '+ t<=c
(x:A)el PFt=A—>B TFu=A
TFa=A TFtu=n8

HEER, HEX base type ¢, H4H normal form A& normal form, X T K%L
A normal form SR Ax.to FTRA, HIRZEAIEIN]E A normal form £
AT n-equivalence FYE S FR2ME—R], XM normal form #HA n-long/n-
expanded, KITE n-equivalence FIMMIIAY, BIESE TEEKR (i A KD —0l,
ROk, WEREREFER, A A B—Ml, WFRA n-short /n-contracteds

7 X I NBE: MIMUfE A%

Bk, B3 NBE &ik, IEEREW 4 n-expanded HY normal form,
Ak, NBE dEFFEAZIREEE, Sk, tWaRWimes, EM0
ERIE N TR RAE R,

B, LEBATHEE n-expansion N IZKEAETEM DI EL: KRMERN, &2 read-
back I, WRFATERERIS FHIEAT n-expansion, FIANFANTA f = R
&= f 1T T n-expansion, EZWKT \y.f y, ALFEIE T —PDHHY redex
Ay.f y) z, THXA redex KIESGXXZEIFEKRE f xo AR, TERMERFT
n-expansion ;& BHY, N YFE readback B#HAT n-expansions,

N T HE readback W HEAT n-expansion, FA1F B HE#7 readback FYMEATE
Bl BREEZAN, FATEFREICFKDERAMN E T DM ERRE, FrbA,
A]AGNEE X readback:

Ry(T'HA— B,v) = e.Rys(T,x: A+ B,v-x) x ¢
Ry(TkFen)=t Ro(Dyn) =1t,A
Rpe(T,z) =2,A (x:A) el
Rpe(Tynv) = (t Rye(T' - A,v)),B Rp(',n)=t,A— B

IXEE N TP readback FREKL:

Ry¢ : Context X Type X Value — Term
R, : Context X Neutral — Term X Type

AIAES|, i — MATRERAE—DRE, Wi — A T DA — R
A, JXFI B normal form HYZRASHINIHE LA A (<= #1 =) 22—, &
BE, 7 Ry BEXH, REEAREE A - B, IB2ICRHEENE v 2
TH 2, R BB —D Xo FTLA, Rue(f i1 — ca ke — co, f) 774 Ao f a:

11



XIERBATAEZER 1 expansion IRER, RESSZEIGN R (A readback IS
TEME)

type context = (string * typ) list
let fresh (ctx : context) : string =

let rec readback (ctx : context) typ value =
match typ, value with
| Fun(param_typ, ret_typ), _ —>
let var = fresh ctx in
let value' = apply_value value (VNeutral(NVar var)) in

Lam(var, readback ((var, param_typ) :: ctx) ret_typ value')
| Base _, VNeutral ne ->

fst (readback_neutral ctx ne)
| ->

failwith "type error"

and readback_neutral ctx ne =
match ne with
| NVar var ->
Var var, List.assoc var ctx
| NApp(f, a) ->
match readback_neutral ctx f with
| £', Fun(param_typ, ret_typ) —>
App(f', readback ctx param_typ a), ret_typ
[
failwith "type error"

8 AR HIRS ARA

=, BATIEIETE readback I MAMUIE AR 75 3K, 52 T 7 n-expansion
i NBE, HAM—#szii7yal, MZHRAERS AEY, HEERERNSH
PRAEAT R Y,

A2, BOZAEAER BT 26 B iR ARRIE? BATHE, HARRZ
J&, 1E readback WEIAFREFIMEARBEE T, AN, FHARREZEELEK
E R ERE R, TH2 e IR RAIRRE IUHERYE 77K
Normal > |% v
Value > v,w ==zt | tn
Neutral > n c=x|n [P

IXAE HTRSOR AT 20?7 GHERAEXANE A _E—17HY readback BRECEEXT,
KR, FrAHE A v BIHTTERE readback FRERAIAIMTT, A 14 n #2
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readback P EIIIIHITT , FATTEFEAEIX AL E AN BRI AT EAE readback
I HRI MR T

Ry A7 v = Az Ryt(v - ) z fresh
Rnf \LCTA n= Rnen
Rycx==x

Rne(n \I/A U) = (Rnen) (Rnf \l/A U)

AR, IEFTREAERMERLEFRAF R, ik, FATEBUORIERHY application
FIRE S

(p, Az.t) - v = [t] 20
$A=B gy 4B (n A )

AL A,

9 Tait’s Yoga

ER PR TT BT R E], (HERAE A S EE BRI TR A AR AL, B
PA, NBE BIEREEEE M@, IXRGEER ST BNRE Tait’s
Yoga, Tait’s Yoga H:

o« BAMEE 1M normal form MBS Ne, I HHPE normal form A
PRI — R Ry FHA] Term

o BMTEHE— normal form MES Nf JH normal form AJ PUEE—F
PR Ry #%#200] Term

o fE Ne FI Nf Z[H, H—MEKERS V, HE:

A A
Ne T 1% L Nf
- HH[ /
Term

Hr 44 BHRA reflection, |4 $EIFRA reification, LHEFIPANEIEERAT PAB K
Tait’s Yoga HJ—Pfil:

o MWIMEFE AR R (7)

— Ne 2HEZEHH Neutral
— Nf §if2 Term A normal form X—F%

13



— Tait’s Yoga EIHHI R, MNEEHFH R, (RIEEHIMNREIRIZEE)
— Tait’s Yoga EIHHY Ry XN FEENRERTHRA
— Tait’s Yoga EHHI 14, XM Neutral F| value FIHRA
— Tait’s Yoga EH |4, XNNEIEFH Ry
o TEENERICERBPELE (8) H:
— Tait’s Yoga H'HY Ne F1 Nf FL2RZEHHY Neutral I Normal
— Tait’s Yoga Y Ry Fl R, BUEBEIEFH Ry f1 Ry
— Tait’s Yoga HHY 4 F1 |4 LR RIEHAIIESR
Tait’s Yoga TMYBERNZ HIE FNIMNETE, 8IS ZATHEIRBAIX MESR
o BATE R AREIF AL 77 KA R ATDAE R, N T Rue (Rar) 1 14
(14), BMRNLTER:
o (A). 8 Rye (Rup) BN FEEIREMA, 1E 14 (14) TR
o (B). #1814 (1A) HAK constructor, fE Rye (Rug) HATHE
I HEPI A S FATRT DS SN R

Nf
Ne A|B
A 717
B 718

AIDER, XEHBTHWAZEE! mH, A MRz iiTeikaEE
£ A HATIHR A AT REME!

10 EHMEG RS

B Tait’s Yoga, FRATEIRF, WF N HEESNER R AT UL & — it
H, H L, 5FM NBE BIRERXAMEN, mHE, M6 — T FEEH
HEY: B H— PN ASEEHEAT noramlization HYAERESS, ST normalization !

XREAMBIRNE? &5, HE RN 2 8 R 8 A BE = R nor-
malization, fE NBE A, 2X%h A — B WEA—EHK R 1T, BIE
BRIEER — DN IEE, B2, BRINTGEERREIE TR —DEREE? RaEA1E
f:A— B, BAHTRE n BIT f, HEESE] Ao f o1 — DL

FTLA, GERIAAESREZ 0, JoiRERAGETXAER o RIT, et

EMREPYIREHE (B, REPHENRHEE, HEMTHELE base type
EHBD . XBRAERTH n BIT, LRI Tait’s Yoga HEFINY, HIHHE

14



reflection (14):

TP =017 (n 11 0)

“n=n
A28 o=xz |B (v -t x) x fresh
n=n

XH, HTRIMTEEHR evaluator, FTABMTAEFH closure HASLEI—Y], i
BEH TN v ... B9, BmEESOEER. XMGENEZNAER IS 3,
XHEHPMEE n e Ne £ERENE Term, FTPATE [°n = n HEFA n EHEZL
it

11 Dependent type

CREEIEMIEUERTE) ¥ EEEH R0 NBE BiL#EE] dependent type
HARME, BRI E R BRI WA T dependent FYREEEERY 11,4 B, RI%
f:TpaB, 24, fa RN YR Bz — a, &M, RIMTAEEERZITE
substitution, R VXMEFREZELEREARG, mMEAEFIR FROIFHEHEE
A FRIH R NBE SRS,

A, BAFEARUMKLIT—EE, XEH, BATRAERE LSRR
ERIHGE, RAGHERMSIE base type c(f) RFIK, FHMHH 8 HHSEIR
1%

Type 3 A, B n=¢(t) | .aB
Term D t,u, A, B ==z | xt|tu
—
TValue > V,W n=c (iv v) | Pi(p, V,z, B)
NEs Vo
Value > v, w m= 1tV n | Lam(p, z,t)
Ne > n s=z|n Vo

15



IXH y/_ﬁ B Nf FIFR, MM readback FIEXUR (R, BIICE#E[H
i FH T #54 Tvalue 1 NE):

Ry c <¢V—1>)> = ¢(Rys W v)

Rus Pi(p,V,2,B) = H Ryt [B] ) zstvy y fresh
y:RusV
Ry [P0V B) g = Ay Ryp [Ploem (v 4V ) y fresh

&ﬁfﬁﬁ%wanmn

Rycxz==x
Rne(n \I(V ’U) = (Rne ’I’L) (Rnf \LV U)
(AEESTUTE(7 S

12 —Sen Bk Rl

e https://www.cse.chalmers.se/~abela/habil.pdf: —f}%F NBE ({2
ff dependent type/system F IixA) RYIRIFERM thesiso A IEHHEIERARY
TIEWAR RN A

e https://github.com/AndrasKovacs/elaboration-zoo:—Z&R%|f#H NBE
Y dependent type ZRHAUAGEE A IR

o https://okmij.org/ftp/tagless-final/NBE.html: —f3fEF TIF A
calculus YT B rewrite rule 6l FHIIRK A NBE #(f2, 1L
IES M NBE XRAK, EXTHEHM NBE H “evaluation” & XIRHE
#58h

e http://hjemmesider.diku.dk/~andrzej/papers/NaPE.pdf: —f3xF
NBE £ partial evaluation HPHJRN FYEHAR

A H PRI NBE S

(TR L, B AR T 2R IEHRREI 53 SN 5 2R R
ATLAGER)

type nf = typ * value
and value =
| VLam of env * string * term

| VNeutral of typ * neutral

and neutral =

16
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and

let

and

let

and

| NVar of string
| NApp of neutral * nf

env = (string * value) list

rec eval env term
match term with

| Var var -> List.assoc var env

| Lam(var, body) -> VLam(env, var, body)

| App(f, a) -> apply_value (eval env f) (eval env a)

\4

apply_value vf va
match vf with

| VLam(env, var, body) -> eval ((var, va) :: env) body
| VNeutral(Fun(a, b), n) -> VNeutral(b, NApp(n, (a, va)))
| -> failwith "type error"

rec readback (typ, value) =
match typ, value with
| Fun(a, b), _ ->
let x = fresh_var () in
let x_value = VNeutral(a, NVar x) in
Lam(x, readback (b, apply_value value x_value))

| Base _, VNeutral(_, ne) ->
readback_neutral ne
| ->

failwith "type error"

readback_neutral ne =

match ne with

| NVar x -> x

| NApp(f, a) -> App(readback_neutral f, readback a)
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